MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS- 1963-A 


UNCLASS  I 

aicuwiTv  ck 


la.  MtPOMT 

Unci 


AD- A 166  208 


»CUMENTATION  PAGE 

jltt.  ACSTHICTIVC  MAHKINGS 


|3s,  SECUNITV  CLASSIFICATION  AUTHOAITV 


a*.  OCCkASSlFICATION/OOMNONAOlNO  SCMSOULS 


rSlSTNItUTION/AVAILASILlTV  OF  MEPOAT 

Approved  for  Public  Release; 
Distribution  Unlimited. 


4.  FCAFOAMINO  OnCANlZATION  AEFOAT  NUMBCAISI 


S.  MONITOAINC  OACANIZATION  AEFOAT  NUMSCAISI 

AFOSR-TR-  86*0094 


•a  name  of  FEAPOAMING  OAGANIZATION  ■«.  OFFICE  SYMBOL  i  7a  NAME  OF  MONITOAING  OAGANIZATION 

I  llfap0iicmHtk  I 


Ea  AOOAESS  iCily.  Simu  ait*  Z/F  Codai 

P.O.  Box  260,  MIT  Branch 
Cambridge,  MA  02139 


DTIC 


7b.  AOOAESS  (City.  Siam  am*  ZIP  Co*at 


Sa  name  of  FUNOING/SFONSOAING 


OAGANIZATION  /\i  p  FOrCe  Office  ar  appUeattai 

of  Scientific  Research  AFOSR/NA 


Sc.  AOOAESS  iCily.  Slala  am*  ZIP  Ca*ai 


Sb.  OFFICE  SYMBOL  9.  FAOCUAEMENT  INSTALMENT  lOEN 
Ilf  appUeatlai 

AFOSR/NA  F49620-85-C-0148 


Bolling  AFB,  D.C.  20332  *<■ 

title '/ficiAA* Mcunry cicMi/iccdoiKp^^] Propagation 
in  Continuum  Models  of  LSS,  Part  irUncTassified) 


faocaam 

faoject 

task 

element  no. 

NO. 

NO. 

61102F 

ed) 

2302 

B1 

13.  feasonal  authoaisi 

James  H.  Williams,  Jr.  and  Samson  S.  Lee 


13a  type  of  AEFOAT  13A  TIME  COVEAEO  J  14.  DATE  OF  AEFOAT  (Yr.  Mo..  Dayi 

Technical  faqm  1  Sept  BStoI  Nov  83  85,  November,  1 


1i.  SUMCiMCNTAMV  NOTATION 


COSATI  coots 


o^ou^  I  sus.  on. 


IS  SUBJECT  teams  iComUmaa  om  raaarta  if  naeaaaary  am*  lOamnfy  Oy  Moc4  mumOari 

Wave  Propagation 

Lattice  Structures 

Dynamic  Failure 

Large  Space  Structures 

ft.  ASSTiy^CT  /CoiiiMiiMt  on  'vvopm  tf  n€t4$m/y  ont  ty  Moc*  nymtorf 

Large  space  structures  (LSS)  can  often  be  modelled  adequately  as  equivalent  aniso¬ 
tropic  continua.  In  this  study  concepts  in  failure  mechanics  and  wave  propagation  are 
applied  to  analyze  the  dynamic  failure  (fracture,  buckling,  joint  disassembly,  etc.)  and 
failure  arrest  behavior  of  such  an  equivalent  continuum.  For  simplicity,  the  equivalent 
continuum  is  assumed  to  be  orthotropic.  Furthermore,  the  transverse  shear  deformation 
of  the  equivalent  continuum  is  assumed  to  dominate. 


Double  cantilever  beam  models  are  well  established  fracture  mechanics  models  in  the 
study  of  crack  propagation  in  a  continuum.  An  orthotropic  double  cantilever  shear  beam 
(DCSB)  model  is  adopted  here  to  study  Mode  I  dynamic  failure  (which  for  convenience  is 
assumed  to  be  fracture)  and  arrest  in  continuum  models  of  lattice  structures.  The  ortho¬ 
tropic  DCSB  model  consists  of  both  a  primary  material  and  a  finite  width  arrester  section. 
The  DCSB  model  has  predicted  that  under  the  proper  conditions  the  crack  may  arrest — 
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19.  ABSTRACT  (Continued) 


4(<hen  any  of  the  following  conditions  is  satisfied: 

1)  When  the  initial  reflected  disturbance  catches  the  crack  tip,  before  the  crack  tip 
reaches  the  arrester  section; 

2)  When  the  crack  tip  enters  the  arrester  section; 

3)  When  the  crack  tip  exits  the  arrester  section;  or 

4)  When  the  initial  reflected  disturbance  catches  the  crack  tip,  after  the  crack  tip 
has  exited  from  the  arrester  section. 

It  is  shown  that  condition  (1)  is  absolute,  meaning  that  the  crack  is  always  arrested. 
Achieving  conditions  (2),  (3)  and  (4)  may  or  may  not  result  in  crack  arrest.  Condition 
(3)  is  independent  of  either  conditions  (2)  or  (4),  and  condition  (4)  is  a  less  stringent 
condition  (that  is,  easier  to  satisfy  the  arrest  criterion)  than  condition  (2). 

/ 

i 

A  major  assumption  in  this  study  is  that  the  failure  can  be  described  by  a  "failure 
toughness"  that  is  independent  of  the  velocity  of  failure  propagation.  Also,  it  is 
emphasized  that  while  the  specific  failure  mode  discussed  here  is  fracture,  this  parti¬ 
cular  selection  of  a  failure  mode  is  done  only  for  illustrative  specificity.  In  fact, 
as  indicated  above,  the  "failure"  could  represent  buckling  of  individual  elements,  loss 
of  joint  integrity,  rupture  or  any  other  energy-absorbing  degradation  process  in  a  large 
space  lattice  structure. 
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INTRODUCTION 


Space  stations,  satellite  solar  power  stations,  space  communication 
antennas,  and  space  platforms  are  examples  of  orbiting  large  space  struc¬ 
tures  proposed  both  for  military  and  nonmilitary  applications  [1].  An 
attractive  design  for  large  space  structures  is  the  construction  of 
structures  with  a  large  number  of  repetitive  lattice  elements.  However, 
the  static  and  dynamic  analyses  of  large  lattice  structures  using  conven¬ 
tional  methods  are  cumbersome  because  of  the  large  number  of  structural 
elements  Involved.  Thus,  methods  have  been  devised  such  that  large  space 
structures  may  be  modelled  adequately  as  equivalent  anisotropic  continua 
[2-4]. 

The  dynamic  failure  (fracture,  buckling,  joint  disassembly,  etc.) 
propagation  and  failure  arrest  behaviors  of  an  equivalent  continuum  model 
of  space  lattice  structures  will  be  considered  in  this  study  using  concepts 
In  fracture  mechanics  and  wave  propagation.  For  simplicity,  the  equivalent 
continuum  will  be  assumed  to  be  orthotropic.  Furthermore,  the  transverse 
shear  deformation  of  the  equivalent  continuum  will  be  assumed  to  dominate. 
The  geometry  and  material  of  the  basic  repetitive  lattice  structure  are 
such  that  the  structure  can  be  modelled  as  an  orthotropic  shear  continuum. 

Double  cantilever  beam  models  are  well  established  fracture  mechanics 
models  In  the  study  of  crack  propagation  in  a  material  continuum  [5].  An 
orthotropic  double  cantilever  shear  beam  (DCSB)  model  will  be  used  here 
to  study  Mode  I  dynamic  failure  (which  for  convenience  Is  assumed  to  be 


fracture)  and  arrest  in  continuum  models  of  lattice  structures.  Ortho¬ 
tropic  DCSB  models  have  been  used  to  study  crack  propagation  in  composite 
materials  [6,7]  and  the  results  can  be  applied  directly  to  continuum 
models  of  lattice  structures. 

The  fracture  behavior  of  a  continuum  is  characterized  by  the  dynamic 
fracture  toughness  which  is  the  incremental  energy  absorbed  by  the  incre¬ 
mental  crack  extension.  It  is  shown  that  for  a  velocity-independent 
dynamic  fracture  toughness,  the  crack-tip  speed  is  constant  and  the  crack 
is  arrested  abruptly  when  the  reflected  initial  disturbance  catches  the 
crack  tip  in  an  orthotropic  homogeneous  DCSB  model  [6].  When  a  second 
material  region  of  semi-infinite  width  is  introduced  as  a  crack  arrester 
section,  it  is  observed  that  with  the  proper  choice  of  arrester  materials, 
the  crack  can  be  stopped  at  the  materials  interface  [7].  Furthermore, 
if  the  crack  is  not  stopped  at  the  interface,  the  crack  propagates  in  the 
arrester  section  with  a  different  constant  velocity  and  the  crack  can 
then  be  stopped  when  the  reflected  initial  disturbance  catches  the  crack 
tip.  It  is  important  to  note,  however,  that  the  introduction  of  the 
arrester  section  may  actually  degrade  the  structure  if  the  crack  is  not 
arrested  at  this  point  [7].  (The  orthotropic  DCSB  mdoel  containing  a 
semi-infinite  width  arrester  region  is  denoted  as  the  orthotropic  duplex 


DCSB  model  [7].) 

In  this  study,  an  orthotropic  DCSB  model  with  a  finite  width 
arrester  section  will  be  considered.  The  effect  of  the  finite  width 
arrester  section  on  crack  propagation  will  be  studied.  In  a  specific 
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space  lattice  structure,  the  finite  width  arrester  section  might  represent 
a  local  region  in  the  lattice  structure  where  a  different  repetitive 
lattice  truss,  a  joint,  a  material  change  occurs.  The  continuum  model 
representing  the  primary  space  lattice  structure  will  be  denoted  as  the 
primary  material  and  the  continuum  model  of  the  localized  different  region 
will  be  denoted  as  the  arrester  material. 

Again,  it  should  be  emphasized  that  while  the  specific  failure  mode 
discussed  here  is  fracture,  this  is  done  only  for  convenience  and  speci¬ 
ficity.  In  fact,  as  already  indicated,  the  "failure"  could  represent 
buckling  collapse  of  individual  elements,  loss  of  joint  integrity,  fracture 
or  any  other  energy-absorbing  degradation  process  in  the  lattice  structure. 


m 
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DCSB  WITH  FINITE  WIDTH  ARRESTER  SECTION 


The  structure  to  be  analyzed  consists  of  a  primary  material  and  a 
finite  width  arrester  section  as  shown  in  Fig.  1.  The  arms  of  the  cracked 
specimen  are  assumed  to  be  shear  beams.  Thus,  the  shear  beams  exist  in 
the  region  0<x<il(t),  where  x  is  the  coordinate  in  the  direction  of  crack 
propagation,  t  is  time,  and  Jl(t)  is  the  time-dependent  crack  length.  The 
transverse  displacement  in  each  arm  is  denoted  by  w(x,t).  The  specimen 
initially  contains  a  crack  of  length  The  crack  opening  at  x“0  is 

maintained  constant  at  2wq  throughout  the  test.  The  primary  material  has 
shear  modulus  mass  density  and  a  shear  wave  speed  given  by 


The  material  In  the  arrester  section  has  shear  modulus  G^,  mass  density 
p^,  and  a  shear  wave  speed  given  by 


crack  may  arrest  with  an  arrest  length  I  .  If  arrest  does  not  occur  at 
I  t  the  crack  may  arrest  later  when  the  initial  disturbance  catches  the 

Pi 

crack  tip  with  a  corresponding  arrest  length  as  given  in  eqn.  (51)  of 
[7]  as 


\  '-y  '-i 


where  and  are  the  crack  speeds  in  the  primary  and  arrester  sections, 
respectively.  For  the  finite  width  arrester  section  problem,  it  will  be 
assumed  that  the  arrester  strip  extends  from  £  and  includes  the  region 

Pi 

up  to  I  which  is  less  than  Thus, 

P2 

<  V  •  ^5) 

P|  P2  C 

The  boundary  conditions  and  the  initial  conditions  in  terms  of  the 
slope  q  and  transverse  velocity  v  are  the  same  as  those  derived  in  [6]. 
The  boundary  conditions  are 


V  -  0 


at  X  ■  0 


q£  +  V  -  0 


at  X  ■*  £(t) 


where  v  is  the  transverse  velocity  (2w/3t)  and  q  is  the  slope  (3w/3x) . 


The  initial  conditions  are 


V  -  0 


-  ‘»o  “  ■  IT 


In  addition,  there  are  continuity  matching  conditions  at  the  primary  ma- 


terial/arrester  material  interface  and  subsequently  at  the  arrester  mate¬ 
rial/primary  material  interface.  The  equilibrium  requirement  on  the  shear 
force  across  the  interface  may  be  expressed  as 


(Gq).  -  (Gq)^  (10) 

and  the  geometric  compatibility  requirement  on  the  transverse  velocity 
across  the  interface  may  be  expressed  as 

v_  »  v^  (11) 

where  the  minus  (-)  subscript  is  used  to  denote  the  material  just  to  the 
left  of  the  interface  and  the  plus  (-*-)  subscript  is  used  to  denote  the 
material  just  to  the  right  of  the  interface. 

In  an  earlier  paper  [6],  it  was  shown  that  In  the  orthotropic  shear 
beam  disturbances  propagate  along  characteristics,  along  which  the  foN 


lowing  equations  hold: 

C^q  -  V  - 

Constant 

along  C 

^  dt  s 

(12) 

C^q  +  V  - 

Constant 

along  -C 

dt  s 

(13) 

where  C  is  the  shear  wave 
s 

speed  of 

the  material . 

-10- 


CRACK  PROPAGATION  AND  ARREST  CRITERIA 


The  dynamic  fracture  criteria  are  [7] 

and  the  fracture  arrest  criteria  are  [7] 


(14) 


^  <  R.  1  =  1.2 


(15) 


wi'iere  is  the  dynamic  crack  extension  force  and  R  is  the  dynamic  frac¬ 


ture  toughness,  both  per  unit  of  beam  width.  The  dynamic  fracture  tough¬ 


ness  of  the  primary  material  jnd  the  arrester  material  are  denoted  by  R 


1 


and  R^,  respectively.  Both  R^  and  R^  are  assumed  to  be  independent  of 
the  crack-tip  speed.  The  dynamic  crack  extension  force  is  [7] 


"I)’''"’' 


1  =  1,2  . 


(16) 


By  setting  £>  =  0  in  eqn.  (16)  and  by  using  eqn.  (14),  the  minimum 
crack-tip  slope  that  is  required  to  maintain  crack  propagation  is  [6] 


^m 


in(i)  G.h 


1  =  1,2  . 


(17) 


An  equivalent  fracture  arrest  criterion  is 


max  q<q,/.v  i=l,2. 

^  ^min(i)  ’ 


(18) 


where  max  q  is  the  maximum  crack-tip  slope. 
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MOTION  OF  DCSB  DURING  CRACK  PROPAGATION 


At  time  t^^O,  the  crack  tip  begins  to  propagate  in  the  x  direction. 
The  motion  of  the  crack  tip  and  the  specimen  arms  may  be  described  in 
terms  of  the  (x,t)  plane  as  shown  in  Fig.  2.  As  the  crack  begins  to  ex¬ 
tend,  initial  disturbances  in  the  values  of  v(x,t)  andq(x,t)  are  pro¬ 
pagated  along  line  AB,  At  point  B,  these  disturbances  reflect  from  the 
left-hand  boundary  x»0  and  then  propagate  back  along  line  BC  through 
the  arrester  section.  Disturbances  may  then  reflect  from  the  moving 
crack  tip  at  point  C  and  propagate  back  toward  the  left-hand  boundary. 
Also,  as  the  crack  tip  moves  through  the  materials  interfaces  at  points 
H  and  S,  disturbances  are  propagated  Lov/ard  the  left-hand  boundary.  Re¬ 
flections  at  points  such  as  P,  Q,  and  R  on  the  interfaces  can  be  traced 
In  a  similar  manner. 


In  this  simplified  shear  beam  model,  the  finite  size  of  the  arrester 
section  has  no  effect  on  crack  propagation  if  the  crack  length  lit)  is 


less  than  l^  .  Thus,  the  results  from  the  duplex  specimen  analysis 
are  valid  up  to  point  S. 


[7] 


Crack  Motion  Just  Beyond  Point 


At  any  location  in  the  (x,t)  plane,  the  values  of  v(x,t)  and  q(x,t) 
may  be  determined  by  following  eqns.  (12)  and  (13)  along  the  character¬ 
istics.  The  primary  focus  of  this  analysis  is  the  behavior  of  the  dynamic 
crack  extension  force  beyond  point  S.  Because  the  dynamic  crack  extension 


depends  on  the  crack-tip  parameters,  namely,  the  slope  and  the  velocity, 
the  calculations  which  follow  will  be  directed  toward  the  determination 
of  these  details  at  the  crack  tip. 

In  order  to  determine  the  conditions  along  the  crack-tip  trajectory 
beyond  point  S,  the  technique  used  in  [7]  to  obtain  crack-tip  properties 
just  beyond  point  H  will  be  applied,  in  Fig.  2  consider  point  22  which 
is  infinitesimally  beyond  point  S  and  is  on  the  crack  tip.  Also,  consider 
point  21  which  is  infinitesimally  close  to  point  22  but  which  is  on  the 
arrester  material  side  of  the  interface.  Because  points  21  and  22  are 
infinitesimally  close  but  on  different  sides  of  the  materials  interface, 
the  matching  conditions  in  eqns.  (10)  and  (11)  may  be  assumed  to  hold 
betv/een  them.  Similarly,  points  k  and  5  represent  the  "same"  location 
on  the  left-hand  materials  interface  except  that  point  k  is  in  the  pri¬ 
mary  material  and  point  5  is  in  the  arrester  material. 

Considering  Fig.  2,  the  characteristic  eqns,  (12)  and  (13)  yield 

Cjqj  -  »5  -  -  Vj,  (19) 

^2^*5  ^  '^5  “  *'2*^2 

^1^3  '  ''3  “  ’  ''4  * 

Point  3  is  below  the  initial  disturbance  line  AB  and  is  therefore  in  the 
initial  state  as  described  by  eqns.  (8)  and  (9), 

Vj  -  0  (22) 


qj  -  qo  .  U3) 

Point  22  is  on  the  crack  tip,  so  the  boundary  condition  in  eqn,  (7)  gives 


The  matching  conditions  (10)  and  (11)  between  points  21  and  22  are 

’  ’'l''22  ' 

''21  ■  '22  ' 

and  the  matching  conditions  (10)  and  (11)  between  points  4  and  5  are 

“I’l.  ■  “2‘'5  ' 

-  Vj  .  ( 

The  state  at  point  2  is  given  by  eqns.  (24)  and  (25)  of  [7]  as 


fe'if) 

^2^0 

■fe-S 


As  shown  in  Appendix  A,  eqns.  (19)  through  (30)  tray  be  solved  to  give 


where  A-  is  given  by  eqn.  (31)  of  [7].  The  crack  speed  at  point  22  is 


^22  shown  7n  [7]  may  be  determined  from  eqns.  (I4)  and  (16) 
The  value  of  2^2  computed,  however,  since  only  the  crack 
arrest  conditions  at  point  S  are  sought  in  this  study. 


Crack  Arrest  Conditions  at  Point  S 


The  crack  arrest  criterion  in  terms  of  the  crack-tip  slope  as  given 
by  eqn.  (18)  will  now  be  used.  The  minimum  crack-tip  slope  required  to 
maintain  a  propagating  crack  in  the  primary  material  beyond  point  S  will 
be  given  by  eqn.  (17)  as 


‘’min(l) 

The  maximum  available  crack-tip  slope  at  a  point,  such  as  point  22,  just 
beyond  point  S  is  obtained  for  quasi-static  crack  extension  (£.22=*®) 
eqn.  (31)  as 


max  q22  "  %\ 


tJ/X .  a.  4 


Because  point  22  is  just  beyond  point  S,  according  to  eqn.  (1 8)  crack 


arrest  at  point  S  requires 


Substitution  of  eqns.  (33)  and  (3^)  into  eqr.  (35)  gives 


Substitution  of  q^  as  given  by  eqn*  (30)  of  [6]  into  eqn.  (36)  gives 


I  >  /n 


£:±4 .  ^ 


where  as  indicated  earlier  is  given. by  eqn.  (31)  of  [7].  Eqn.  (37) 
is  the  crack  arrest  criterion  at  point  S.  If  eqn.  (37)  is  satisfied, 
the  crack  will  arrest  abruptly  as  the  crack  tip  emerges  from  the  arrester 
section. 

For  the  specimen  shown  in  Fig.  1,  the  results  from  the  duplex  speci¬ 
men  analysis  [7]  hold  until  the  crack  tip  reaches  the  right-hand  boundary 
of  the  arrester  section  at  point  S.  The  duplex  specimen  analysis  shows 
that  the  crack  may  be  arrested  at  the  left-hand  boundary  of  the  arrester 
section.  This  arrest  condition  is  given  by  eqn.  (32)  of  [7].  As  shown 
in  Appendix  B,  this  arrest  condition  can  be  simplified  to 


1 


An  alternate  approach  using  eqn.  (18)  in  terms  of  the  crack-tip  slope  has 
also  been  performed  in  Appendix  B  to  yield  the  same  result.  Eqn.  (38)  is 
the  condition  for  crack  arrest  at  point  H. 
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Eqn.  (37)  Is  the  crack  arrest  condition  at  point  S.  Eqns.  (37)  and 
(38)  are  independent  because  eqn.  (38)  does  not  contain  the  shear  wave 
speeds  whereas  eqn.  (37)  contains  the  shear  wave  speeds  as  well  as  the 
relatively  complicated  £2*  Thus,  it  is  possible  to  design  an  arrester 
strip  system  to  arrest  a  crack  when  it  enters  the  arrester  by  considering 
eqn.  (38)  or  when  it  exits  the  arrester  section  by  considering  eqn.  (37) • 
Therefore,  the  finite  width  arrester  section  gives  an  additional  independ 
ent  opportunity  to  arrest  the  crack  before  the  reflected  initial  distur¬ 
bance  catches  the  crack  tip  at  point  C.  As  a  further  remark,  it  is  in¬ 
teresting  to  note  that  whereas  the  crack  arrest  conditions  at  points  H 
and  S  are  independent,  it  is  shown  in  Appendix  C  from  the  results  of  [7] 
that  the  crack  arrest  condition  at  point  C  is  always  easier  to  satisfy 
than  the  arrest  condition  at  point  H. 

If  the  crack  is  arrested  at  point  S,  the  crack  arrest  length  is 
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(39) 


The  crack  arrest  time  is 
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Replacing  t^  in  eqn.  (40)  by  the  value  given  in  eqn.  (34)  of  [7]  gives 
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t  .  ^  111- 

C,  Vn  -  1/  ! 


P<)  Pi 


Eqns.  (39)  and  (Al)  give  the  crack  arrest  length  and  time,  respectively. 
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CONCLUSIONS 
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Large  space  structures  can  often  be  modelled  adequately  as  equiva¬ 
lent  anisotropic  continua.  In  this  study  concepts  in  failure  mechanics 
and  wave  propagation  have  been  applied  to  analyze  the  dynamic  failure 
and  failure  arrest  behavior  of  such  an  equivalent  continuum.  For  speci¬ 
ficity,  fracture  is  analyzed  as  the  failure  process,  although  buckling, 
the  loss  of  joint  integrity  or  any  energy-absorbing  degradation  process 
in  the  lattice  could  have  been  considered. 

An  orthotropic  double  cantilever  shear  beam  (DCSB)  model  has  been 
analyzed  to  study  Mode  I  dynamic  fracture  and  arrest  in  continuum  models 
of  lattice  structures.  The  DCSB  model  consists  of  both  a  primary  material 
and  a  finite  width  arrester  section.  For  the  DCSB  model  consisting  of 
orthotropic  materials  having  a  crack-speed- independent  dynamic  fracture 
toughness,  the  DCSB  model  predicts  that  under  the  proper  conditions  the 
crack  may  arrest  abruptly  as  it  enters  the  arrester  region  [7].  Further, 
if  the  arrester  has  a  finite  width,  the  crack  may  arrest  as  it  exits  the 
arrester  region.  The  arrest  condition  at  the  exit  of  the  arrester  region 
has  been  derived  here  and  it  is  noted  that  this  condition  is  independent 
of  the  other  arrest  conditions.  Also,  the  arrest  conditions  at  the 
entrance  of  the  arrester  region  and  at  the  point  at  which  the  initial 
reflected  disturbance  overtakes  the  crack  tip  are  compared.  It  has  been 
shown  that  the  latter  arrest  condition  is  a  less  stringent  condition 
than  the  former,  indicating  that  if  the  crack  is  not  arrested  at  the 
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entrance  of  the  arrester  region,  the  crack  may  be  arrested  when  the 
Initial  reflected  disturbance  overtakes  the  crack  tip  beyond  the 
arrester  section. 

The  results  in  this  study  have  provided  an  analytical  basis  for 
the  investigation  of  dynamic  failure  propagation  and  failure  arrest 
in  space  lattice  structures  by  applying  fracture  mechanics  and  wave 
propagation  techniques  to  an  equivalent  continuum  material  model  of  the 
space  lattice  structure. 
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APPENDIX  A:  CRACK-TIP  VELOCITY  AND  SLOPE  JUST  BEYOND  POINT  S 


Eqns.  (19)  through  (30)  can  be  solved  to  obtain  the  crack-tip  velo¬ 
city  and  slope  at  point  22.  Substitution  of  eqns.  (22)  and  (23)  into 
eqn.  (21)  gives 

‘^l‘’0  '  ^\%  ■  ''A  • 

Substitution  of  eqns.  (27)  and  (28)  into  eqn.  (A1)  gives 


‘l-'o  ■ 57  "5  -  '5  • 

Addition  of  eqns.  (20)  and  (A2)  .and  rearrangement  of  their  sum  give 
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(A2) 
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Substitution  of  eqn.  (A3)  into  eqn.  (20)  gives 
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t.  lS,\'^2^2 
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(C,q,  +  V,  +  C^Pq) 


Replacing  in  eqn.  (26)  by  the  use  of  eqn,  {2k)  yields 

''21  "  ”‘’22^22  * 

Substitution  of  eqns.  (25)  and  (A5)  into  eqn.  (19)  gives 


(A3) 
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(A5) 
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Substitution  of  eqns.  (A3)  and  (a4)  into  eqn.  (A6)  and  solving  for  q 
give 


(A6) 
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Eliminating  q2 


Also,  from  eqn. 


(32) 


22 


''22‘’22 
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Eqns.  (A8)  and  (AS)  describe  the  crack-tip  slope  and  velocity,  respectively, 
at  point  22,  which  is  a  point  on  the  crack  tip  just  beyond  point  S. 


APPENDIX  B!  CRACK  ARREST  CRITERION  AT  POINT  H 


The  crack  arrest  criterion  at  point  H  is  given  in  cqn.  (32)  of  [7]  as 


"i  I  Vi '*2  -  . 

P2  Gj  1^2  "  ^1^2^ 


(Bl) 


Eqn.  (Bl)  can  be  manipulated  to  give 
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<  0  . 


(B2) 


Because  the  terms  in  the  first  set  of  parentheses  on  the  left-hand  side 
of  eqn.  (B2)  are  always  positive*  the  satisfaction  of  the  inequality 
(B2)  requires  that 


n  <  1  .  (B3) 

Thus,  expression  (Bl)  can  be  simplified  to  expression  (B3) . 

Eqn,  (Bl)  was  obtained  by  setting  -  0  after  using  the  fracture  cri¬ 
terion  in  eqn,  (14)  and  the  crack  driving  force  In  eqn.  (16),  An  alter¬ 
nate  method  is  to  consider  the  crack-tip  slope  and  to  use  eqn.  (18)  to 
derive  the  crack  arrest  conditions.  The  minimum  crack-tip  slope  required 
to  maintain  a  propagating  crack  in  the  arrester  material  is  given  by  eqn. 
(17)  as 


**min(2) 


(b4) 


The  maximum  available  crack-tip  slope  at  a  point  just  beyond  point  H, 
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such  as  point  2  in  Fig,  3  of  [7],  is  obtained  for  quasi-static  crack 
extension  (2.2*0)  from  eqn,  (24)  in  [7]  as 


max  <12  “  ^  ‘*0  * 

Because  point  2  is  just  beyond  point  H,  for  crack  arrest  at  point  H  eqn. 


(18)  requires  that 


iin(2) 


>  max  q. 


Substitution  of  eqns,  (B4)  and  (B5)  into  eqn.  (b6)  gives 


I  '*2  °l 
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Replacing  Pq  by  eqn,  (30)  of  [1],  eqn,  (B7)  becomes 


1  >  n 


Eqn.  (B8)  is  identical  to  eqn.  (B3)  as  expected.  As  a  check,  by  setting 
Gj=»G2  and  =  R2  eqn.  (B3)  or  eqn.  (B8)  indicates  that  the  crack  will  not 
arrest  because  l5*n.  Recall  that  in  accordance  with  [6],  if  there  is  no 
arrester  section,  the  crack  will  not  arrest  until  the  crack  tip  reaches 
point  C,  the  point  at  which  the  reflected  initial  disturbance  catches  the 
crack  tip.  Finally,  it  is  interesting  to  note  that  the  materials'  den¬ 
sities,  and  thus  the  shear  wave  speeds,  do  not  affect  the  crack  arrest 
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Eqn.  (CA)  is  the  arrest  condition  at  point  H  while  eqn.  (C3)  is  the  arrest 
condition  at  point  C,  where  it  -is  emphasized  that  in  this  discussion  point 
C  is  within  the  arrester  section.  The  dependence  of  eqns.  (C3)  and  (Ci*) 
is  of  interest. 

If  the  crack  is  not  arrested  at  H,  then  from  eqn.  (CA) 


Thus,  the  crack  proceeds  to  point  C  and  encounters  the  arrest  condition 
represented  by  eqn.  (C3)*  For  this  case,  because  eqn.  (C5)  is  known, the 
crack  will  not  arrest  if  the  right-hand  side  of  eqn.  {C3)  is  equal  to  or 
larger  than  unity.  So  the  crack  may  be  arrested  at  point  C  if  the  right 
hand  side  of  eqn.  (C3)  is  less  than  unity,  that  is,  if 


The  crack  velocity  is  permitted  to  be  non-negative.'  The  left-hand  side 
of  eqn.  (C6)  will  be  maximized  by  letting  Thus,  expression  (C6) 

will  certainly  hold  if  the  following  condition  is  satisfied: 
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Expression  (C7)  can  be  simplified  to 


C  G  C  G. 
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n  C,  G^  C,  G^ 


or, 

-  <  1  .  (C8) 

n 

The  condition  (C8)  is  always  valid  because  n  is  always  greater  than  unity, 
and  so  expression  (C6)  will  always  hold. 

Thus,  the  right-hand  side  of  expression  (C3)  is  less  than  unity  and  so 
the  condition  (C3)  is  less  stringent  than  the  condition  (C^) .  Therefore, 
if  the  crack  is  not  arrested  as  it  enters  the  arrester  section,  it  may 
arrest  within  the  arrester  section  at  the  point  where  the  reflected  initial 
disturbance  catches  the  crack  tip. 


Double  cantilever  shear  beam  specimen  containing  a  finite  width  arrester  section. 
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